The Bordetella BvgAS signal transduction system controls the expression of at least three phenotypic phases, the Bvg ؉ or virulent phase, the Bvg ؊ or avirulent phase, and the Bvg i or Bvg intermediate phase, which has been hypothesized to be important for transmission. bipA, the first identified Bvg i -phase gene, encodes a protein with similarity to the well-characterized bacterial adhesins intimin and invasin. Proteins encoded by the bipA genes present in Bordetella pertussis Tohama I and Bordetella bronchiseptica RB50 differ in the number of 90-amino-acid repeats which they possess and in the sequence of the C-terminal domain. To investigate the possibility that bipA alleles segregate according to host specificity and to gain insight into the role of BipA and the Bvg i phase in the Bordetella infectious cycle, we compared bipA alleles across members of the B. bronchiseptica cluster, which includes both human-infective (B. pertussis and B. parapertussis hu ) and non-human-infective (B. bronchiseptica and B. parapertussis ov ) strains. bipA genes were present in most, but not all, strains. All bipA genes present in B. bronchiseptica strains were identical to bipA of RB50 (at least with regard to the DNA sequence of the 3 C-terminal-domain-encoding region, the number of 90-amino-acid repeats encoded, and expression patterns). Although all bipA genes present in the other Bordetella strains were identical in the 3 C-terminal-domain-encoding region to bipA of B. pertussis Tohama I, they varied in the number of 90-aminoacid repeats that they encoded and in expression level. Notably, the genes present in B. parapertussis hu strains were pseudogenes, and the genes present in B. parapertussis ov strains were expressed at significantly reduced levels compared with the levels in B. pertussis and B. bronchiseptica strains. Our results indicate that there is a correlation between specific bipA alleles and specific hosts. They also support the hypothesis that both horizontal gene transfer and fine-tuning of gene expression patterns contribute to the evolution of host adaptation in lineages of the B. bronchiseptica cluster.
Bordetellae are gram-negative coccobacilli that cause respiratory infections in mammals, birds, and reptiles. The classical bordetellae (19) , Bordetella pertussis, Bordetella parapertussis, and Bordetella bronchiseptica, are so closely related that they are now considered subspecies or strains of a single species (5, 27, 37, 39, 40, 57) . Because the progenitor organism of this group appears to have been B. bronchiseptica, with B. pertussis and B. parapertussis strains diverging at different times and from different branches of the phylogenetic tree, these bacteria have been referred to as the B. bronchiseptica cluster (19) . The organisms identified as B. bronchiseptica have a broad host range, infecting nearly all four-legged mammals, and cause infections that range from asymptomatic colonization to tracheobronchitis and pneumonia (22) . In contrast, B. pertussis strains uniformly cause the acute and severe childhood illness known as whooping cough or pertussis and are adapted exclusively to humans (8) . B. parapertussis strains comprise two separate lineages. B. parapertussis hu strains have been isolated only from humans and cause a respiratory illness that is very similar to that caused by B. pertussis (24, 60) , while B. parapertussis ov strains were isolated from the respiratory tracts of healthy sheep, as well as sheep with chronic nonprogressive pneumonia (13, 43) .
Members of the B. bronchiseptica cluster express overlapping sets of highly related virulence factors. These include putative adhesins, such as filamentous hemagglutinin (45) , fimbriae (Fim) (36) , pertactin (Prn) (46) , tracheal colonization factor (TcfA) (17) , and BrkA (Bordetella resistance to killing) (16) , and toxins, such as adenylate cyclase toxin (CyaA) (25) , dermonecrotic toxin (Dnt) (33) , tracheal cytotoxin (20, 21) , pertussis toxin (Ptx) (38, 42) , and proteins secreted via a type III secretion system encoded by the bsc locus (62, 63) . With the exception of tracheal cytotoxin, all of these factors are positively regulated by BvgAS sensory transduction systems that are nearly identical and functionally interchangeable (34, 51, 56, 59) ; hence, expression of these molecules characterizes a phenotypic state designated the Bvg ϩ phase. Experiments with phase-locked and ectopic expression mutants have shown that the Bvg ϩ phase is necessary and sufficient for the development of respiratory infection (1, 11, 35) .
Comparisons of Bvg ϩ -phase factors and their expression patterns across the Bordetella species have provided useful information for understanding phylogenetic and evolutionary relationships among these bacteria (5-7, 31, 48) . Such information has also proven to be valuable for formulating hypotheses regarding the roles of the factors in the Bordetella infectious cycle. For example, since Ptx is expressed only by B. pertussis strains (5) , it can be concluded that Ptx is not absolutely required for respiratory infection. However, since only B. pertussis strains induce leukocytosis (24, 58) , it is likely that Ptx plays a significant role in causing this specific parameter of disease. Reciprocally, as type III secretion systems appear to be functional only in B. bronchiseptica and B. parapertussis ov strains, which commonly cause chronic subclinical infections, it has been hypothesized that type III secreted proteins may function to down-regulate the host immune response and thereby contribute to long-term persistence (62) .
Comparative analyses have similarly provided insight into Bvg-repressed phenotypes and the role of the Bvg Ϫ or avirulent phase. Bvg-repressed phenotypes in B. bronchiseptica include the expression of flagella, motility, chemotaxis, and the ability to grow under nutrient-limiting conditions, and it has been hypothesized that the role of the Bvg Ϫ phase is to allow the bacteria to survive for extended periods of time in the environment while they are between mammalian hosts (1, 9, 10) . B. pertussis, B. parapertussis hu , and B. parapertussis ov strains, which do not express these phenotypes, are thought to be restricted to transmission via direct contact or aerosol droplets (9, 10). The Bvg-repressed genes expressed exclusively by B. pertussis include vrg and vra loci (28, 50) . Although the functions of the products of these genes are unknown, determination of these functions should allow formulation of hypotheses regarding the role of the Bvg Ϫ phase in this species. A third phenotypic phase, induced by growth in the presence of semimodulating concentrations of nicotinic acid or MgSO 4 (chemicals that down-regulate BvgAS activity) or by a specific mutation in bvgS, has been described for B. bronchiseptica strain RB50 (12) . This Bvg intermediate (Bvg i ) phase, characterized by expression of a subset of Bvg ϩ -phase factors, lack of expression of Bvg Ϫ -phase factors, and expression of phenotypes that are maximally if not exclusively expressed in this phase, is hypothesized to be important for aerosol transmission (12) . The Bvg i -specific phenotypes identified so far include autoaggregation (12) and expression of the recently identified outer membrane protein BipA (14, 54) . The function of BipA is unknown; however, the predicted similarity of this protein to intimin of enteropathogenic and enterohemorrhagic Escherichia coli and invasin of Yersinia spp., including a similar Cterminal exposed topology, suggests that it may play a role in adherence (54) . Initial studies revealed the presence of a BipA cross-reactive protein in whole-cell lysates of B. pertussis strain GMT1 (54) , and DNA sequence data from the Sanger Centre's B. pertussis genome project (http://www.sanger.ac.uk/Projects /B_pertussis/) indicate that there is a bipA homolog in B. pertussis Tohama I. The majority of the predicted amino acid differences between the BipA proteins produced by B. bronchiseptica RB50 and B. pertussis Tohama I are located at the extreme C terminus. This observation suggests the intriguing possibility that if BipA functions in adherence like intimin and invasin, it could be involved in host specificity since the Cterminal domains of intimin and invasin are directly involved in binding to receptor proteins on host cells (26, 30, 32, 61) and variability in this region among intimin family members has been hypothesized to play a role in tissue tropism (18, 41, 44) . The conservation of bipA and the Bvg i phase in bordetellae is unknown. To study the role of BipA and the Bvg i phase in the Bordetella infectious cycle, we conducted a comparative analysis of bipA homologs and their expression patterns within and across strains of the B. bronchiseptica cluster.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacterial strains used in this study are listed in Table 1 . Bordetella strains were grown on Bordet-Gengou agar supplemented with 15% defibrinated sheep blood or in Stainer-Scholte (SS) broth (49) . E. coli strains were grown in L broth or on L agar. When appropriate, media were supplemented with ampicillin (100 g ml Ϫ1 ), gentamicin (30 g ml Ϫ1 ), streptomycin (70 g ml Ϫ1 ), rifampin (20 g ml Ϫ1 ), kanamycin (50 g ml Ϫ1 ), or sucrose (10%). B. parapertussis ov strain Fr107i and B. parapertussis hu strain 12822i were constructed by transferring the bvgS-I1 mutation to the chromosomes of Fr107 and 12822, respectively, by allelic exchange with plasmid pEG129, as described previously (12) .
Recombinant DNA techniques. Standard methods were used for preparation of plasmid DNA, restriction endonuclease digestion, agarose gel electrophoresis, DNA ligation, and other DNA manipulations (47) . Nucleotide sequences were determined by Laragen, Inc. (Los Angeles, Calif.).
Plasmid rescue. The 5Ј end of bipA from B. parapertussis hu strain 12822 was cloned by plasmid rescue. Briefly, a suicide plasmid derivative of plasmid pEG7 carrying a 621-bp PCR product corresponding to the C-terminal 307 amino acids of BipA from B. parapertussis hu strain 12822 was introduced into 12822 by conjugation, and cointegrates were selected on Bordet-Gengou-gentamicin agar. Chromosomal DNA was then prepared, digested with FseI (which does not cut within the pEG7 derivative), self-ligated, and transformed into E. coli DH5␣. Plasmid DNA recovered from the transformants carried chromosomal DNA from the bipA locus flanking the 621-bp region on the plasmid that provided homology for recombination. This DNA was characterized by restriction endonuclease digestion and nucleotide sequence analysis.
␤-Galactosidase assays. To measure bipA expression, plasmid pTEN34, which contains a 321-bp fragment of bipA corresponding to nucleotides encoding amino acids 70 to 177 of BipA fused to the promoterless lacZ gene on plasmid pEGZ (34) , was constructed. Integration of this suicide plasmid into the chromosomes of the various strains at the bipA locus resulted in bipA-lacZ fusions. PCR was used to confirm that plasmids had integrated at the bipA locus as intended. ␤-Galactosidase assays were performed as previously described (34) .
PCR and Southern blotting. Primers used for PCR and Southern blotting are listed in Table 2 . PCR was performed by using total cellular DNA templates. The cycling parameters were 94°C for 4 min and 30 cycles of 94°C for 30 s, 55 or 60°C for 45 s, and 72°C for 1 min, with a final extension step of 72°C for 5 min. Southern blotting was performed as previously described (2) .
Western immunoblotting. Immunoblotting was performed as previously described (11, 12) . Polyclonal anti-BipA antibody was used at a 1:5,000 dilution, and horseradish peroxidase-conjugated anti-rabbit immunoglobulin (secondary antibody) was used at a dilution of 1:5,000. Antigen-antibody complexes were detected by enhanced chemiluminescence (Amersham).
RESULTS
Prevalence of bipA homologs among Bordetella strains that cause respiratory infections in mammals. We used PCR to investigate the prevalence of the bipA gene within and across the Bordetella species that cause respiratory infections in mammals. The collection of strains tested ( (Table 2 and primers 1 and 2 in Fig. 1 ), amplified a 727-bp fragment from B. bronchiseptica and B. pertussis genomic DNA corresponding to the region encoding amino acids 115 to 355 of BipA. Products that were approximately 727 bp long, and no other products, were amplified from all strains tested except B. bronchiseptica strains 548, 590, and 675 (data not shown), suggesting that most, but not all, bordetellae that infect mammals contain bipA homologs.
The number of 90-amino-acid repeats varies across, but not within (except for B. pertussis strain 18323), Bordetella species. The bipA gene of B. pertussis Tohama I is predicted to encode a 1,308-amino-acid protein containing five highly conserved 90-amino-acid repeats extending from amino acid 568 to amino acid 1017, while the bipA gene of B. bronchiseptica RB50 is predicted to encode a 1,578-amino-acid protein containing eight of these highly conserved 90-amino-acid repeats (54) (Fig. 1) . To estimate the number of 90-amino-acid repeat domains encoded by the bipA genes in the various strains included in this study, we performed Southern blot analyses. Genomic DNA digested with BsiHKI was probed with an 870-bp KpnI-BamHI fragment corresponding to the region encoding amino acids 1018 to 1310 of BipA of B. bronchiseptica ( Fig. 1 and 2A ). This probe hybridized to ϳ2.75-kb fragments in all B. bronchiseptica strains tested except strains 548, 590, and 675. These data confirm the PCR results, indicating that all B. bronchiseptica strains tested except 548, 590, and 675 contain bipA homologs. They further suggest that all B. bronchiseptica strains containing bipA genes have the potential to encode BipA proteins containing eight 90-amino-acid repeats. With the exception of strain 18323, the probe hybridized to a ϳ1.95-kb fragment in all B. pertussis strains tested ( Fig. 2A and data not shown), suggesting that the bipA genes in these strains encode proteins containing five 90-amino-acid repeats. The probe hybridized to a ϳ870-bp fragment in strain 18323, suggesting that this strain encodes a protein containing only one of the 90-amino-acid domains. The probe also recognized a ϳ870-bp fragment in all B. parapertussis hu strains, suggesting that these strains also encode only one 90-amino-acid domain. A ϳ2.2-kb fragment was recognized by the probe in all B. parapertussis ov strains tested, suggesting that these strains encode proteins containing six 90-amino-acid repeats. These results were confirmed by PCR by using primers bBipRepF1 and bBipRepR1 (primers 3 and 4 in Fig. 1 ), which anneal to regions flanking the DNA region encoding the 90-amino-acid repeat (Fig. 2B ). These primers amplified 2.2-kb fragments in The nucleotide sequences encoding the BipA C-terminal domains of all B. bronchiseptica strains are identical to those of RB50, and the nucleotide sequences encoding the BipA Cterminal domains of all other strains are identical to those of Tohama I. Nearly all (34 of 39) of the predicted amino acid differences encoded by the bipA genes of B. pertussis Tohama I and B. bronchiseptica RB50 (exclusive of the additional 90-amino-acid repeats in BipA of RB50) are located in the Cterminal domain, and most are located at the extreme C terminus ( Fig. 1) (54) . To investigate the variability in this region within and across the Bordetella species, we used primers BipCtFwd2 and pBipCtRvs3 (primers 5 and 6 in Fig. 1 ) to PCR amplify 875-bp DNA fragments corresponding to the C-terminal domains of bipA and had their nucleotide sequences determined. The nucleotide sequences of these fragments from all B. bronchiseptica strains listed in Table 1 were identical to the nucleotide sequence of RB50. The nucleotide sequences of all other Bordetella strains listed in Table 1 were identical to the nucleotide sequence of Tohama I. These data suggest that all B. bronchiseptica strains that contain bipA encode BipA proteins with the same amino acid sequence in their C-terminal domains and that all non-B. bronchiseptica strains encode (Fig. 3) . Our inability to detect BipA in lysates of B. parapertussis hu strain 12822 contradicts our previous report (54 (Fig. 3) despite the presence of bipA hybridizing sequences in the genomes (Fig. 2) , we investigated the 5Ј ends of the bipA loci in these strains by PCR. Primers designed to amplify 1.36-kb fragments from the 5Ј ends of the bipA loci of (Fig. 4A) . Other primers designed to amplify DNA fragments within the same region also failed to yield products from B. parapertussis hu strains (data not shown). These results suggested that the nucleotide sequence at the 5Ј end of bipA in B. parapertussis hu strains differed from the nucleotide sequences of the other bordetellae. We therefore cloned the bipA 5Ј region from the chromosome of B. parapertussis hu strain 12822 by plasmid rescue (see Materials and Methods) and determined the nucleotide sequence of the resulting clone. The sequence obtained matched exactly DNA sequence data newly released by the Sanger Centre (http://www.sanger.ac.uk/Projects/B_parapertussis/) and indicated that the homology between bipA of B. parapertussis hu strain 12822 and the bipA genes of B. bronchiseptica RB50 and B. pertussis Tohama I begins with nucleotides encoding amino acid 67 (a glycine residue) of the BipA protein.
Strain 12822 sequences immediately 5Ј to this position exhibited no similarity to the 5Ј ends of the bipA loci of RB50 and Tohama I and lacked discernible translation initiation elements. Promoter elements and putative BvgA binding sites were also not recognizable. Also, 793 bp 5Ј to the beginning of the truncated ЈbipA gene, an IS1001 element was found with its TnpA-encoding gene oriented in the opposite direction relative to the orientation of ЈbipA. By searching the Sanger Centre's Bordetella genome databases, we found sequences identical to the 793-bp sequence that intervenes between IS1001 and ЈbipA in 12822 in the RB50 genome (at a site unlinked to bipA) but not in the Tohama I genome. Sequences immediately 3Ј to ЈbipA in 12822 matched the sequences 3Ј to bipA in Tohama I (99.1% identity) and RB50 (94.9% identity) for 700 bp, at which point there was a 450-bp gap in the 12822 sequence. Beyond that gap, the 12822, RB50, and Tohama I sequences were nearly identical for 690 bp, and then the Tohama I se-
FIG. 2. Comparison of the 90-amino-acid repeat domain-containing regions of bipA within and across Bordetella species. (A) Southern blot. BsiHKI-digested genomic DNA was probed with the 870-bp
KpnI-BamHI fragment shown in Fig. 1. Lane 1 (Fig. 4B) . The bipA homolog in all B. parapertussis hu strains tested, therefore, appears to be a pseudogene. Our inability to detect BipA in B. parapertussis ov strains by Western blotting was not due to gross differences in the 5Ј regions of the bipA loci of these strains, as primers designed to amplify the promoter regions of bipA in RB50 and Tohama I amplified fragments of the same size in B. parapertussis ov strains (Fig. 4A) . We therefore determined the nucleotide sequences of the 5Ј ends of the bipA genes of all of the B. parapertussis ov strains used in this study. All of the sequences obtained were identical to each other, and although they were nearly identical to the sequences of B. pertussis and B. bronchiseptica, there were notable differences in the region between the BvgA binding sites designated IR1 and HS2 and at position Ϫ11 relative to the transcriptional start site that were identified in B. bronchiseptica (Fig. 5) .
bipA transcription is maximal under Bvg i -phase conditions in B. pertussis, B. bronchiseptica, and B. parapertussis ov , but the levels are different in different species. To compare bipA transcription levels in the various species, we created bipA-lacZ fusions in representative strains (B. bronchiseptica strain RB50, B. pertussis strain GMT1, and B. parapertussis ov strain Fr107) using plasmid pTEN34, which contained a 321-bp fragment of bipA corresponding to nucleotides encoding amino acids 70 to 177 of BipA fused to a promoterless lacZ gene. Integration of   FIG. 4 this suicide plasmid into the chromosome resulted in the formation of a bipAЈ-ЈlacZ fusion. To determine expression levels under Bvg ϩ -and Bvg Ϫ -phase conditions, we used wildtype strains (RB50::pTEN34, GMT1::pTEN34, and Fr107:: pTEN34) grown in SS medium and in SS medium containing 20 mM MgSO 4 , respectively. To determine Bvg i -phase expression levels, we used strains containing the bvgS-I1 mutation (RB50i::pTEN34, GMT1i::pTEN34, and Fr107i::pTEN34) grown in SS medium. Consistent with previous reports (14, 54) , the levels of bipA expression in B. bronchiseptica were maximal in the Bvg i phase (Fig. 6) . The bipA-lacZ expression levels in B. pertussis were nearly the same as those in B. bronchiseptica in the Bvg i and Bvg Ϫ phases. The level of bipA-lacZ expression in B. pertussis grown under Bvg ϩ -phase conditions, however, was only about 15% of that of B. bronchiseptica (ϳ500 ␤-galactosidase units, compared with ϳ4,200 ␤-galactosidase units) (Fig. 6 ). This result is consistent with the fact that the BipA protein can be detected by Western blot analysis in lysates of Bvg ϩ -phase B. bronchiseptica but not in lysates of Bvg ϩ -phase B. pertussis (Fig. 3) . bipA expression in B. parapertussis ov strain Fr107 was significantly decreased under all conditions compared with bipA expression in B. bronchiseptica and B. pertussis. The overall expression pattern (maximal in the Bvg i phase), however, was the same as that in the other species (Fig. 6) . Our inability to detect the BipA protein in lysates of B. parapertussis ov strains by Western blotting was therefore most likely due to a decreased level of transcription compared with that in B. bronchiseptica and B. pertussis.
DISCUSSION
We have been studying bipA and its product, BipA, to determine its role and the role of the Bvg i phase in the Bordetella infectious cycle. Initial DNA sequence analyses revealed significant similarity between the predicted amino acid sequence of BipA and the amino acid sequences of intimin and invasin, suggesting that BipA represents a new member of this class of bacterial adhesins (54) . The fact that most of the amino acid differences between the BipA homologs of B. bronchiseptica RB50 and B. pertussis Tohama I are located within the C-terminal domain, the region analogous to the regions of intimin and invasin that participate in direct contact with receptors on host cells, suggested further that if BipA does function as an adhesin, it might play a role in determining host specificity. To explore this possibility by using a genomic approach, we determined the prevalence, genetic organization, and expression pattern of bipA alleles in strains representing various clades of the B. bronchiseptica cluster. Our results are summarized in Fig. 7 .
PCR and Southern blot analyses showed that most, but not all, strains contain bipA genes. In B. parapertussis hu strains, these genes appear to be pseudogenes. Although B. parapertussis ov strains contain intact bipA loci, the genes were expressed at very low levels compared with the levels of expression in B. bronchiseptica and B. pertussis strains. These low levels of expression were probably due to nucleotide differences at positions Ϫ11, Ϫ51 to Ϫ53, and Ϫ59 relative to the predicted transcriptional start site as these positions are predicted to be involved in BvgA-mediated transcriptional activation in B. bronchiseptica (14) . The fact that bipA is absent from some strains and either is not expressed or is expressed at only a very low level in other strains suggests that if BipA plays a role in the Bordetella infectious cycle, the role is either not essential or can be compensated for by another gene(s) in some strains. Alternatively, BipA could play an important role in a behavior that is unique to those strains in which it is expressed. We and other workers have shown that the Bvg ϩ phase is necessary and sufficient for respiratory colonization and that failure to repress Bvg Ϫ -phase phenotypes is detrimental to the development of infection (1, 11, 12, 35) . Based on these and other data, we hypothesized that the Bvg i phase is important for transmission (9, 10, 12) . As transmission routes may include survival in one or more in vivo niches or ex vivo environments and as the various species, or even lineages within species, may be differentially restricted in their modes of transmission, it is conceivable that factors required for specific routes could be absolutely required in some strains and dispensable in others. BipA's limited distribution, therefore, may reflect a specialized role in this process.
In our analyses we identified five bipA alleles, and in most cases strains of a single species contained the same allele; the only exception was B. pertussis strain 18323, which contained its own unique allele. With regard to the C-terminus-encoding region, however, only two types were identified, those identical to the RB50 region (present in all B. bronchiseptica strains containing bipA) and those identical to the Tohama I region (present in all non-B. bronchiseptica strains). If only strains expressing high levels of BipA are considered, the two types segregate according to host specificity; all human-infective strains contain alleles encoding Tohama I-like C termini, while all non-human-infective strains contain alleles encoding RB50-like C termini. Host specificity is likely, although not necessarily, controlled by specific interactions that occur when the bacterium first encounters a potential host (i.e., at the level of adherence). Although similarity to intimin and invasin suggests that BipA plays a role in adherence, we were unable to detect BipA-dependent adherence in any of multiple cell lines, including those of respiratory, endothelial, and macrophage origin (54; unpublished observations). It is still possible, however, that BipA mediates adherence to specific respiratory cells that are either unavailable as cell lines or are available but lack a specific receptor(s) when they are cultured in vitro or that BipA mediates adherence to noncellular components of the respiratory tract, such as mucus. We are currently performing experiments to test these possibilities. In addition to nucleotide sequence differences at their 3Ј ends, bipA alleles were distinguished by differences in the number of 90-amino-acid repeats which they encoded. It is possible that these differences reflect variability in surface characteristics displayed by the different species. It is known that the lipopolysaccharide structures of B. pertussis, B. parapertussis hu , and B. bronchiseptica differ; B. pertussis strains express only lipid A and a branched-chain core oligosaccharide, while B. (58) , and the dendrogram was adapted from the study of Gerlach et al. (19) . The strains used in this study are included, and where known, electrophoretic types (ET) are indicated in parentheses after the strain designations. The cross-hatched area represents the region of BipA that exhibits amino acid sequence similarity with intimin and invasin, the numbered boxes represent the 90-amino-acid repeats, and the distribution of the two different C-terminal sequences are indicated (black dots on a white background, Tohama I-like; white dots on a black background, RB50-like). Although the electrophoretic types of the B. parapertussis hu strains used in this study were not determined, they are almost definitely electrophoretic type 28 as all B. parapertussis hu strains tested by van der Zee et al. were electrophoretic type 28 strains. The electrophoretic types of strains RB50, Cb2, and JC100 are unknown so these strains have been placed between the two large clusters of B. bronchiseptica strains. For RB50, this is consistent with its lack of IS elements. (5, 19, 40, 52 ). The presence of only one 90-amino-acid domain in BipA of 18323, like the data obtained for the B. parapertussis hu strains, provides more evidence for the unique position of this B. pertussis strain on the Bordetella phylogenetic tree. The fact that the bipA allele in 18323 is expressed in a pattern similar to the pattern in B. bronchiseptica and other B. pertussis strains, however, provides support for the hypothesis that BipA confers a selective advantage to members of these species. If BipA does provide some selective advantage for 18323, however, the surface characteristics of 18323 must be such that the C terminus of a BipA protein with only one 90-amino-acid domain is exposed.
With regard to phylogenetic and evolutionary implications, our results are consistent with observations which indicate that there are significant genomic rearrangements within, and potentially across, Bordetella species (52, 53) . As the progenitor organism for the B. bronchiseptica cluster is proposed to have been B. bronchiseptica (19, 57) and our analyses indicate that all B. bronchiseptica strains have the same bipA allele, vertical inheritance of bipA would require the occurrence and selection of the same set of mutations independently in each of three lineages in order for B. pertussis, B. parapertussis hu , and B. parapertussis ov strains to encode the same BipA C-terminal domain, which is significantly different from that of B. bronchiseptica. Vertical inheritance of bipA is even less probable given the lack of bipA expression in B. parapertussis hu strains and the low level of expression of bipA in B. parapertussis ov strains. Moreover, a sequence comparison of bipA and flanking regions suggests strongly that the truncated ЈbipA gene present in B. parapertussis hu strain 12822 was acquired horizontally from B. pertussis. Although little is known about the genome of B. parapertussis ov strains, it seems likely that bipA was acquired horizontally in these strains as well, with subsequent mutations giving rise to variation in the number of regions encoding the 90-amino-acid repeat and nucleotide sequence differences at the promoter. We can only speculate about the selective advantages of these gene-swapping events. With regard to B. parapertussis hu strains, an interesting possibility is that acquisition of ЈbipA from B. pertussis resulted in replacement of a B. bronchiseptica-like bipA allele that conferred a selective disadvantage to B. parapertussis hu strains during their adaptation to human hosts. Similarly, one can imagine that expression of a B. pertussis-like bipA allele in B. parapertussis ov strains might be disadvantageous, leading to accumulation of promoter mutations that decrease transcription levels. The possibility that the wrong bipA allele could be detrimental at some point in the infectious cycle is an interesting one that we are investigating using chimeric strains.
Our results are consistent with the hypothesis that BipA plays a role in a specific mode of transmission that is used by a subset of Bordetella strains. They also contribute to the growing body of information indicating the highly fluid nature of the Bordetella genome and high degree of gene transfer and recombination within and among strains of the B. bronchiseptica cluster. The anticipated publication of the comparative genome sequences of B. pertussis Tohama I, B. parapertussis hu 12822, and B. bronchiseptica RB50 will undoubtedly provide considerably more insight into the complex phylogenetic and evolutionary relationships among these bacteria.
